Two indium selenide precursors were solvothermally synthesized in ethylenediamine (en) and hydrazine hydrate with indium powder (or InCI 3 -4H 2 0) and selenium under 190°. After decomposition at 300° for five hours under flowing argon, the two precursors gave phase-pure polycrystalline In 2 Se 3 . The two precursors and the final product were characterized by TGA, X-ray fluorescence spectroscopy, X-ray diffraction pattern (XRD), transmission electron microscopy (TEM), UV-vis, FTIR and Raman spectroscopy. In the en system, white phosphorus must be added to ensure the completion of the reaction. As to the hydrazine hydrate system, besides solvent and complex agent, it also acts as reductive in one case
Introduction
Among the II1-VI layered compound, In 2 Se 3 and InSe are promising semiconductors for their potential application as photovoltaic and solar cell devices [1] [2] [3] [4] . In 2 Se 3 is an η-type semiconductor with a reported band gap energy ranging between 1.4 and 1.7eV while InSe has a band gap of about 1.3eV at room temperature [5] , Due to defective structure with respect to metal ions, the indium selenide materials (including In 2 Se3 and InSe) are suitable as sensors of small particles and ionizing radiation [6, 7] , One of the more technological important uses of these materials may be as source materials in forming emerging solar cell material CuInSe 2 (CIS) [8, 9] . Thin-film solar cell devices based on CIS have already demonstrated totalarea efficiencies of 17.1% [8] , A microporous framework, based on polymeric anions and composed of tetrahedral In 3+ centers coordinated by four Se 6 2 ' ligands, was also reported in the literature [10] .
Molecular precursor routes to ceramics have been used over the past two decades [11] . Such chemical routes to ceramics have offered a great deal of synthetic and processing flexibility. This strategy has been then extended to the synthesis of nonoxide-based materials, such as II-VI, III-V and other semiconductors [12] [13] [14] [15] . Some research groups also deposited thin films or prepared nanoparticles of indium selenides from different indium organic precursors [17] [18] [19] , Recently, Buhro and co-workers [20] reported a catalyzed synthesis of InS and InSe under solution-phase reaction conditions analogous to those used in molecular synthesis. To our knowledge, the reported precursor methods to indium selenides were confined to InSe only and there were no reports concerning the synthesis of In 2 Se 3 . In this manuscript, firstly we synthesized In 2 Se 3 precursors from solvothermal method and then the precursors were decomposed at 300° to give phase-pure polycrystalline In 2 Se 3 .
Solvothermal synthesis differs from hydrothermal synthesis only in that water is replaced by other solvents (organic or inorganic). Since the synthesis is usually fulfilled at elevated temperature (often higher than the boiling point or in the vicinity of the critical point) and high pressures (automatically originated from the reaction system) in a closed system, many physical and chemical properties of the solvents such as density, viscosity, diffusion coefficient, chemical stability and solubility of reactants will change dramatically as compared to those at ambient temperature. Therefore a kinetic control and a mechanistic study of the reactions might be useful [21] . Although elevated temperatures are necessary for this synthetic method, compared with traditional solid state reactions, the temperature is far below and some materials with metastable structure could be obtained.
Experimental
All reagents (analytical grade) were purchased from Beijing Chemical Factory and were used as received. In a typical synthesis process, 0.23 g indium powder (or 0.56g InCl 3 -4H 2 0, about 2.0x10" mol) and 0.24g selenium (3.0x10" 3 mol) were added to 40ml ethylenediamine (en) or hydrazine hydrate (volume ratio of N 2 H 4 to H 2 0: >1.0) contained in a 50ml stainless Teflon-lined autoclave. In the case of en system, a little amount of white phosphorus was also added to the reaction system. Then the autoclave was sealed carefully and heated at 190° for a certain time. Since white phosphorus and en are dangerous, thus manipulations including opening autoclave and filtering should be carefully handled and carried out in a stink cupboard.
After heat treatment, the autoclave was allowed to reach room temperature slowly by turning off the heat supply and leaving it in a stink cupboard. The obtained products were filtered, washed with distilled water several times, and then desiccated at 110° consecutively. Both the precursors obtained in en and
Y.D. Li et al.

Solvothermal Processes to Indium Selenide Precursors and TheirConversion to Phase-Pure Ρolycrystalline In^Sej
hydrazine were heated at 300° with the protection of flowing argon (40ml/min.) of five hours to give final pure-phase polycrystalline In 2 Se 3 . TGA was performed on a PRT-1 Thermogrametric Analyzer (Beijing Optical Instrument Factory) with or without flowing argon. If with, the flowing rate of argon is about 20ml/min. The heat scans were run in the range between 30 and 500° at a ramp rate of 5 /min. Typical sample sizes were 25-30mg. The onset of decomposition was calculated on the basis of a default trigger value of 1% of the starting sample mass. X-ray fluorescence spectroscopy was carried on a Shimadzu XRF-1700 spectrometer to determine the contents of each element in the precursors of In 2 Se 3 . X-ray diffraction (XRD) powder patterns were recorded using a Bruker D-8 Advance X-ray diffractometer. The morphology and particle sizes were observed from transmission electron microscopy (TEM) (Hitachi-800). UV-vis spectra of the precursors and In 2 Se 3 supersonically dispersed in deionized water were obtained on a Hitachi U-2001 spectrometer scanning from llOOnm to 190nm.Infrared data were recorded as KBr pellets on a Perkin-Elmer Spectrum GX/FTIR spectrometer and are reported in cm" 1 . Raman shifts were recorded on a Perkin-Elmer Spectrum GX/FTRaman spectrometer. 
Results and discussion
When indium or InCl 3 -4H 2 0, white phosphorus (if necessary) and selenium were mixed together in en or hydrazine and heated at 190° for 24 hours or longer, yellow-brown and bright yellow products precipitating as polycrystalline powders could be obtained in en and hydrazine respectively. The XRD patterns of the two products are shown in figure la and lb, but they can not be related to any known phases of indium selenides. Decomposition of the two products at 300° with the protection of flowing argon (40ml/min.) for five hours gives black phase-pure polycrystalline In 2 Se 3 (figure lc). We call these two products as precursors of In 2 Se 3 The synthetic processes to precursors are exemplified as equation (1) 
In(InCl 3 ) + Se "^e-.w'c precursor2 (2) The thermogrametric analysis (TGA) results of precursor 2 at 5°/min, from 30-500° under argon, are shown in figure 2 . A very smooth decomposition occurs with an onset temperature of approximately 169° and finishes approximately 231°. The first derivative of the TGA curve confirms that decomposition occurs as a single event [12] , The mass loss shown in figure 2 is 6.27% of total mass of this precursor. If TGA was carried out in the air, the decomposed product would be oxidized above 320° as it was evidenced as the increase of mass. The thermogrametric analysis (TGA) results of precursor 1 under same condition are similar to precursor 2 except for the mass loss. The mass losses for 3 samples of precursor 1 are in the range of 10.7-19.6%. The elemental contents of both precursors, determined by X-ray fluorescence spectroscopy, are shown in table 1. The content of hydrogen is not shown for this method can not detect quantitatively for it. The total content of other elements, as impurities in the detection, is less than 0.3%. The molecular formula of these two precursors, derived from the results of TGA and X-ray fluorescence spectroscopy, could be Ini 92 Se 3 .oo-xen-yP and Iri| 96 5Se 3 .ooo-1.05N 2 H 4 . The value of χ and y in the formula of precursor 1 varies irregularly in the range of 0.5-1.5 and 0.5-1.0 respectively for the en system. It has been observed that selenium can disperse or dissolve in en and other alkaline media [22] . This liquid phase selenium has a high reactivity towards In or InCl 3 at much lower temperature compared with traditional solid state reactions. Since the oxidation of selenium or/and indium changed in the above reactions, these two solvothermal reactions involve an oxidationreduction process. The temperature (190°) used can ensure the crystallinity of these two precursors. Lower temperatures, such as 170°, could offer the same color but poor crystalline precursors.
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Vol. 24, No. 01, 2001 1600 - In the case of the en system (reaction 1), white phosphorus is compulsory. Without it, the reaction took place only on the surface of indium powder (diameter of indium powder used is in the range of 1 to 5mm) or cannot be initiated when InCl3-3H 2 0 was used as source material. The amount of white phosphorus (O.lg-1.0g) added to the reaction system has a negligible effect on the XRD patterns of the precursor 1. The precursor 1 does decompose to polycrystalline In 2 Se 3 but not to any InP or In-P-Se phase. The contents of white phosphorus in the precursor 1 and final In 2 Se 3 , as determined by elemental analysis shown in following, are less than 5.0% and 0.7% respectively no matter the amount of the white phosphorus added. When indium and selenium are mixed together, white phosphorus may play the role of catalyst similarly to benzenethiol used by Buhro [20] in synthesizing InS and InSe. However when lnCl3-3H 2 0 was used to replace indium, it also acted as reductive analogously to our previous method to prepare nanocrystalline CosSg through a disproportionation process [23] . From this point of view, hydrazine also acted as reductive in reaction (2).
Both precursors were found primarily in platelet morphologies accompanied with a small amount of little particles (not shown here). After decomposition, In 2 Se3 from precursorl was composed of nanoparticles, nanorods and platelets. The distribution of these under TEM is about 7-10%, 20-25% and 65-70% for each of them. Figure 3a shows a selected area of nanorods. This means that the platelet morphologies could transform to nanorods under high temperature treatment, while the morphology of In 2 Se 3 resulted from precursor 2 remains unchanged (figure 3b). ne Amines, including en, can act as directing agents, organic templates, during the crystallization process. A number of chalcogenide-based open-frameworks has been found through incorporating such template molecules into inorganic frameworks [21] . In our process, we used two amines, hydrazine and en, as solvents to fulfill the synthesis of indium selenides precursors. No product can be obtained in NaOH aqueous solution if there are no amines. However, we could not describe their roles definitely in the precursors because we have just obtained polycrystalline products and no single crystals. FTIR spectra (figure 4) do suggest the existence of en and hydrazine in the precursors and no typical absorbance could be ascribed to In2Se3. Raman spectra of In 2 Se3 (figure 5) just exhibit one strong feature at 236cm" between the range of 200-3600 cm' , which is believed to be an Se chain vibration [24] , No distinguished Raman shift band is discernible for the precursors. The UV-vis absorption spectrum of In2Se3 shows that the absorption band edge of it can be estimated around 830nm (figure 6) by extrapolating the steep slopes in the curve to the long-wavelength side, this is consistent with its reported band gap (1.4-1.7ev). No absorption band edge could be attributed to the two precursors between 190 ana 1 lOOnm.
